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Outline

 Transverse single spin asymmetry (SSA)

J Do we understand it?

<> TMD factorization

< Collinear factorization

 SSA of single hadron production in hadronic collisions

d SSA in the forward region of pA collisions

d Summary



Transverse single-spin asymmetry (SSA)

 Consistently observed for over 35 years!

ANL — 4.9 GeV BNL — 6.6 GeV FNAL — 20 GeV BNL — 62.4 GeV
60 [ PRL 36, 929 (1976) 60 [ PRD 65, 092008 (2002) 60 r PLB 261, 201 (1991) 60 [ PRL 101, 042001 (2008)
a0l .Q ny ++ ap | PLB264.462 (1991) + 40| BRAHMS
i [ ® i ® [
__20f ;7115 b.. 20| K 20} . 20} e?®
=S i i i i
:Ez of-------- ® o] of------- - o}—--ic-) ----------- o_—-——e—g ———————————
5 L L o 5
-20 | ‘} -20 F OOc} -20 F °6 -20 F o
-40 | -40 [ {) -40 Q <{> 40| © {;
X Xg Xg Xg
Q Definition: BNL - 200 Gev
’ Ay p+p —> m°+X at vs=200 GeV
- :l: O Tnin
p(8L) +p—= h(r=, 7, ) + X R I el -
2 LRt ROt L sivers (HERMES fit)
P Left 0.1 __ } ___ twist—3
< D\, 0 0256 0 025 ‘i I
I . yy mass (GeV/c?)
0.05 -
R|ght i <n>=3.7 <n>=3.3
~ Ac(l,5) o(l,5) —o(l,=5) 0 j{;”‘i ********************* Bk Sl /A
‘.1.\' — { \ — / — / — r = }
ol t) o(t,s)+ oL, —s) " e | B
) ) , P IR S R S T R S S | - P R | L
-0.5 0 0.5 -=0.5 0 0.5 X
F



Do we understand it?

Kane, Pumplin, Repko, PRL, 1978
2

d Early attempt:

Cross section: 0aB(pr,5) + +...

Asymmetry: ocaB(pr,5) —oap(pr, —5) =

Too small to explain available data!

J What do we need?

Ay igp . (ﬁh XﬁT) =4 ieuyaﬁphusl/pozp/hﬂ

Need a phase, a spin flip, enough vectors

d Vanish without parton’s transverse motion:

— A direct probe for parton’s transverse motion,

Spin-orbital correlation, QCD quantum interference



Current understanding of SSAs

[ Two scales observables — Q, >> Q, ~ Aqcp:

TMD factorization
TMD distributions

Talks by Mulders, Yuan, ...

Collinear factorization

Twist-3 distributions

>
SIDIS: Q>>P; DY: @>>Q;
[ One scale observables — Q >> Agyp:
>
SIDIS: Q ~ P; Jet, Particle: Py
d Symmetry plays important role:
Inclusive DIS Parity

Single scale

Q Time-reversal




How TMDs generate spin asymmetry?

O Sivers’ effect — Sivers’ function:

1.9 Dijet, photon-jet not exactly back to back

Hadron spin influences
parton’s transverse motion

Photons have asymmetry
Jet vs. Photon sign flip predicted

1 Collin’s effect — Collin’s function:
op

e Transversity
P No asymmetry for the jet axis Parton’s transverse spin

- affects its hadronization
Su ka,n'

 Separation of different effects?

Best in SIDIS, at EIC




Our knowledge of TMDs

4 Sivers function from low energy SIDIS:
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EIC can do much better job in extracting TMDs

1 NO TMD factorization for hadron production in p+p collisions!

Collins and Qiu, 2007, Vogelsang and Yuan, 2007, Mulders and Rogers, 2010, ...



Critical test of TMD factorization

d TMD distributions with non-local gauge links:

, =3 ll/_ [; l/ AI+ . \ =3\
fosnt (2, k1, 5) :/(.(‘7( )3i iap™y=ikuyL () 107, 0, )| Gauge link |- B —,yL)p,S)
¥~ % ’\I\,\N
SIDIS: g (L\
B ;:;g;;:;;; ____________
L
a3 YL >
{ = < _} >
— 00 0 +00 -

* For a fixed spin state:
[DIS al DY al
f\/h)T (z,k1,5) # fq/hT (#,k1,95)
A Parity + Time-reversal invariance:
l fS/l;/leTI‘S( )SIDIS _ S/IXGTI‘S( )DY

The sign change is a critical test of TMD factorization approach



Another critical test of TMD factorization

A Predictive power of QCD factorization:

< Infrared safety of short-distance hard parts
< Universality of the long-distance matrix elements

< QCD evolution or scale dependence of the matrix elements

(1 QCD evolution:

If there is a factorization/invariance, there is an evolution equation

1 Collinear factorization - DGLAP evolution:

ophy (Q: Aqep) & Y 64(Q, 1) ® ¢ (i, Aqep)  — %ath(Q,AQCD) =0

f
Scaling violation of nonperturbative functions

Evolution kernels are perturbative — a test of QCD



Evolution equations for TMDs

Boer, 2001, 2009, Idilbi, et al, 2004

" - i . Aybat, Rogers, 2010
d Collins-Soper equatl.on. e 201
— b-space quark TMD with y* Aybat, Collins, Qiu, Rogers, 2011
OF; pr(z, by, S;p;(p) - ~ . : S(bp: .. —
f/Pt T, DT, 00 [ CF K (br: o 10 S(br;ys, —00)
= T?/-L)F PT(vaT7Sa#vCF) K(bp;pn) == | = A
dln/Cr 1 i) = 595 ™\ 3ors +0000)
d RG equations:
dK (br; p) dF;,pt(z,br, S; p1; Cr) -
dln p - —’YK(Q(M)) dlnp =7F(9(#)$CF/,LL2)FNPT(:B, br,S;u; ().
 Evolution equations for Sivers function:
ewkf}SJ

Fy pt(z, kr, S; p,Cp) = Fyp(z, kr; p, () — Fip! (z, kr; i Cr) =T —
P

OF; (,br; p, Cr)
Obr

cs: OmE77(z,br;p,Cr)
dIn \/CF

RGs: dE/:7(x, by ;
. Eillbﬁ’”’gp) = vr(9(u); Cr /W) Fi (2, bri 1, Cr)

dK (br; o2
) = k(o) DG o),

= K(br; p) Flr (2, br;p, Cr) =




Scale dependence of Sivers function

. . Aybat, Collins, Qiu, Rogers, 2011
d Up quark Sivers function:
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Very significant growth in the width of transverse momentum



Importance of the evolution

J SSAs - Sivers function:
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Q? dependence - effectiveness of the probe?

Aybat, Rogers, 2012
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How collinear factorization generates SSA?

4 Collinear factorization beyond leading power:

—) — Expansion
o(Q,8) o< | + + e

O’(Q, .S'T) = Hy ® f'f? I/Q Hl f’ f"f‘i + (ﬁ)(l/QQ)

Too large to compete! Three-parton correlation

Efremov, Teryaev, 82;

4 Single transverse spin asymmetry: Qiu, Sterman, 91, etc.

Ao (sp) o< T®) (z,2) @ 67 @ D(2) + 6q(z) @ 6p @ D) (2, 2) + ..

7®) (2, ) m‘—%%}‘ (2,2) % T8 (1) o £§ ;

Qiu, Sterman, 1991, ... Kang, Yuan, Zhou, 2010 Kanazawa, Koike, 2000

Integrated information on parton’s transverse motion!



Twist-3 distributions relevant to A

L Two-sets Twist-3 correlation functions: — (
No probability interpretation! %

~ dy-dyy . opt,— o pE— — o A -
%,F — /(57)2’2 ez..l,P Uy el.lzp Ya <P’ ST’L'Q(O) T [F‘ TO }(T+(---I/2 )}uq(yl )‘P‘ ST>

Kang, Qiu, 2009
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Tadr = / Wiy ixPHoi gieaPhus (P g [FH2(0)[i 5 F, (v )] F¥N(wp )| P sr) (e n)

AG.F (271,)2 ’ ‘ P+ i °T4La \J2, 1 y O €lp

. ) . . Role of color magnetic force!
d Twist-2 distributions: ) g
=7
= Unpolarized PDFs: q(x) o <P\¢q(0)7¢q(y)|P>
G(z) ox (P[FTH(0)F *”&y);PX—gw)

Aq() o (P, 5[, (0) 151, )|P. S))
AG(x) oc (P, Sy[FTH(0)F™ (y)| P, S)) (i€ 1)

= Polarized PDFs:

d Twist-3 fragmentation functions: See Kang, Yuan, Zhou, 2010, Kang 2010



Test QCD at twist-3 level

Kang, Qiu, 2009; Yuan, Zhou, 2009

 Scaling violation — “DGLAP” evolution: Vogelsang, Yuan, 2009, Braun et al, 2009
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d Evolution equation — consequence of factorization:
Ao(Q, s7) = (1/Q)H\((Q/ pr, a5) ® f2(r) ® f3(pr)
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“Interpretation” of twist-3 correlation functions

d Measurement of direct QCD quantum interference:

\ (
TG (z,2,5)) “G\% /\DF

Interference between a singlg active parton state and an active
two-parton composite state

d “Expectation value” of QCD operators:

(PO Y OIPs)  —> (PO [Vsra [ dur Fy () | w)IPs)

(P, s[B0)r ()P s) —> (P s[p(0)y* [1917 57 / dys 5™ (02) | 4p(y™)|P, s)

How to interpret the “expectation value” of the operators in RED?

— Qiu, Sterman, 1991, ...



A simple example

1 The operator in Red - a classical Abelian case: Qiu, Sterman, 1998

rest frame of (p.sy)

1 ST
3 T TB
2 /\ charged particle

=/ ) °
. S
AP‘: p=(m.0) L 211]( ! —2,3
d Change of transverse momentum:
d o
ap; — 6(’1—)" X B)2 = —ev;;Bl = 6U3F23

d In the c.m. frame:
(m,0) - n = (1,0,07), (1,—2) - n = (0,1,07)
d r a 7 I+
—> S:Po = e eTINN [

d The total change: Aph = e [[dy e’Ton | (y7)

Net quark transverse momentum imbalance caused by
color Lorentz force inside a transversely polarized proton



Transition from low p+ to high p+

O Two-scale becomes one-scale:

2
A AN(Q 7pT)
pr L Q pr ~ Q
~ Qs
pT
>
TMD Collinear Factorization
L TMD factorization to collinear factorization: Ji,Qiu,Vogelsang,Yuan,

Koike, Vogelsang, Yuan

Two factorization are consistent in the overlap region: Aqcp < pr < @

A\ finite — requires correlation of multiple collinear partons

No probability interpretation! New opportunities!



Single hadron production in hadronic collisions

-
S

] Process: J\p Left
. _ PN
p(sL)+p—>h(7Ti,7rO,...)+X T * ~
o Da(6,5) _ a(t,5) —o(l,-3) Right

oA a(f) o(l,s)+ o(l,—5)

4 Single hard scale - collinear factorization:  Qiu, sterman, 1991, 1998

AN X O(pTa SJ_) — O-(pTa _SJ_)

Efremov, Teryaey,

— TSA(% r,S|)® ¢b/B (ml) X 6fb_>c ) Dh/c(z) Qiu, Sterman, ...
+ 0Gq/a(x,51) ® Tb(?;) (2, 2") ® (Affb_m ® Dy, /e(2) Kanazawa, Koike, ...

—+ 5Qa/A(x7 SJ_) %Y Cbb/B(x/, CB/) %Y &c%—m & Dg?)/)c(za Z) Kang, Yuan, Zhou, ...

+ power corrections

Leading power contribution to cross section cancels!
Only one twist-3 distribution at each term!

Q3\"
Valid when p3. > 7, Corrections: X (p—f
T



SSAs generated by twist-3 PDFs

 First non-vanish contribution - interference:

4+ C.C.

 Dominated by the derivative term - forward region:

dAo
d3¥¢

Qiu, Sterman, 1998, ...

_ o
o< éeTsTnn DC—')?!'(Z) X I:—ID%TF‘ (33, IL'):|

—Uu

1 p . z : .
X = [G(SL‘ ) & Ao'qg—>c + q,(ml) & Ao’qq’—)c:|

o
e

L=

Ay o~ ( Cij — if T (x,x) o< g(x) = (1 —x)"

—1 l—x

Kouvaris, Qiu,

1 Complete leading order contribution: Vogelsang, Yuan, 2006

FAoGr) az dz | Ltopn
Y, j c—oh(Z)j 7 x’S+T/z ¢p/p(x )\/47761’.9( prs )

abc

X%[Tayp(x, x) —x(:x oF (X, x))] Hypo(5, 1, 10)



Unpolarized single hadron production

d PHENIX:

E*d’c/dp* (mb-GeV2c?)
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QCD factorization/calculation works at RHIC energies!



Extending x coverage and particle type

O BRAHMS: Large rapidity p,K,p cross sections for p+p,
Vs=200 GeV PRL98, 252001 (2007)
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QCD factorization/calculation works at RHIC energies!



Asymmetries from the 7(x,x)

] Lowest order tree-level contribution:
(FermiLab E704)

.6 _ ’- -
[ A= dGeY t
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[ i i
1= m 0 L
: ] B
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Kouvaris, Qiu, Vogelsang, Yuan, 2006
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0.2F PP at \[s=200GeV Il
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d A, forjet, D, ... production at RHIC and EIC, ...

Nonvanish twist-3 function » Nonvanish transverse motion



SSA in the forward region of pA collisions

Excellent probe for distinguishing
various contributions to SSA

Excellent probe for studying small-x
Physics

SSA increases as x¢ (or y) increases



Ideal kinematics for SSA and small-x

Large xF (ory) @) |arge SSA @) Small-x

d Leading power predictions - single scale:
p(58)+p— h(@E, 7% )+ X
Ac(l,§) o(l,5) —o(l,—5)

o(f) o(l,5) +o(f, -3
Ay o< o(pr,S1) —o(pr,—S51)
Ti%(m, r,51)® ¢p/p(r") ® 6l . ® Dy, /c(2)
+0gasa(w, 1) @ Ty 7 (2,2') ® 62, . @ Dy o(2)
+0Gasa(T,51) ® ¢pyp(a’,2") @60, @ D;(l/) (2,2)

“Sivers effect” + “Collins effect”

==)  nuclear gluon distribution at GA(x)

Contribution from the 2" term seems to be small! Kanazawa, Koike, ...



Power corrections

J Power corrections:

~ Ao(l,5) o(l,5)—o(l,—58)

To both numerator and denominator: Ay

o(f) o(f,s) + o(f, —5)

4 Inclusive cross section in the forward region:

Coherent multiple scattering — dominated by t-channel Qiu, Vitev, 2006

2
Size of power correction: v, 1}é§T (FHLpt+ly A1/
N




Coherence at small-x

d Similarity to DIS:

y 72 h;
E m
<7 g+
xaa xﬁu |
B, A
(b
DIS T-channel of pA

4 “Snapshot” does not have a “sharp” depth at small xg

Y

1 1 1
Probe size: transverse - 0 < 1 fm, longitudinal size - . ~ 0 < 1 fm

Longitudinal size > Lorentz contracted nucleon: 1 < o™

Lp p

1
<zx.,=——~0.1
v 2mR



Coherent multiple scattering

L LO contribution to DIS cross section: == §(z — zp)

1 NLO contribution:

2

m) 9 1 [ 2 12 ] . 1 - 1 B
Q2 <2Nc) 21 F*(0) :I:Bxlllzn&[x_ml&(xl :173)+$1_$6(g; z5)

"dYs Y]t e, N s, ) d
/ :(ygﬂ)yQ [ (yo ) P (y1)] 0(ys) fEB[ dmé(x g:B)]

1 Nth order contribution:
—>

2 (5a) 0] | 2 tm 3 o) | [T (=) [ |11 (5
Q2 2N, " B «’Eilglmmzo moh paiey Li-1 — Tm =1 Im+j — Im
S— _
e

Infrared safe! N l(—1)N——6(a: — :z:B)]



Resummation of power corrections

. Qi d Vitev, PRL (2004
O Transverse structure function: 'uand Vitev, PRL (2004)

2 1 (e 1/3 adh ) 2
FT(:I:B,Q)zzH @(A ~1)| % (@5, Q)

n=0
~ 0. 2
NFT (TB(1+A)>Q)

0. 1E — | CTEQS5 LD u-quark distribution

Single parameter for the power 0.001 0oL 0.1 1
correction, and is proportional
to the same characteristic scale

1 Similar result for longitudinal structure function:



Power corrections to the shadowing

1 Largest power corrections:

F,(Sn) /F,(C)
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Leading power corrections in forward pA

L Factorized formula:

_doyy_ f 4z by 1 a2
D C(Z ) G/N -xa as fd 8 _._ Fa —cd \~
dy, d*pr, bzcd hjeiel fd e — | 510/ xp 8(xp — Xb) Fab—cd (xp)

d LO proton-proton scattering:

Fapsca(xp) = Pe/N (%5) \Map_scal®
Xb
L5 VT PR |
1 Resummation for pA collisions: = 1k el Sl
'; B -
NI g2 N 48 (x, — ) w T 4
(—=1) Xp 173 ] Xp — Xp e I i
d C A3 1 Fab—scd(xp). B al
f Xp [ e ( ) e b—cd(Xb) z_gs.o.s_ ]
) c‘:’ 04 —
§° rap 2 I i
= Fab—cd| xp| 1+ Ca=— (A 1) ). o2l )
0

In principle, no free parameter! 2




Di-hadron in d-A collisions

Kang, Vitev, Xing, 2012

S« 25 ¢
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SSA in pA collisions

J To numerator: (= Ac(£,5) o(l,5) —o(l,—3)
Ve \ —

o(f) a(l,5) + o(f,—5)

d Leading power approximation:

The momenta of all additional scatterings are fixed by the unpinched poles!
 Same shift from the coherent multiple scattering:
An(pp) ~ An(pA) When 72> Q?

Only small difference due to the convolution over T¢(x,x) vs. q(x)

Note: A,(photon) =\=0!



TMD-type approach

d TMD or small-x approach:

q

k
’N\N\N No TMD factorization
for single hadron production
— Relevant when /2. < Q?
d Matching:
Recall:
A
An(lr)

Single hadron spectrum

do 1 *
— X
dﬁ% E?p + a

—) CLO(Q?

[ < Q7




Summary

1 QCD factorization/calculation have been very successful
in interpreting HEP scattering data

<1/10 fm

1 QCD is much richer than the leading power!

0 Transverse spin opens a new domain to test QCD dynamics
and new observables for parton correlations

[ SSA in pA is an excellent observable to study small-x physics
in a nucleus

Thank you!



Backup slices



Scale dependence of Sivers function

. . Aybat, Collins, Qiu, Rogers, 2011
 Kernel is not perturbative for all b:

CSS b br py = 1
prescription: * b= b.
(not unique) \/1 T b b

K (brs ) = K (b o) / & (e~ br)
d Qz-dependence of Sivers function:

Fi7 7 (z,br; p,Cr) = Fi7 ¥ (z, br; uo,Qo)exp{ln —'QCK(b ip) + /“ d—‘f/ lw(g(#’); 1) —In—- oF w(g(u’))]
0 HO IJ’
\/CF}

vk (9(1')) — gx (br)In ——

Qo Qo

S / dbr by Jy (krbr) i+ (z,br;pu,¢r)  — Evolved Sivers function
0

+/#O dﬂ ln\/C_F

Fig (@, kr; p, Cp) =

d Small-b perturbative contribution — match to twist-3:

AI bT dIl d$2 1vers A .
/ T T9 CJS‘;/J (81, %2, ba; pi, o, 9 (1t ) Tr i p(21, 22, pub)

Fir ! (z,br; 1, CF) =

<o {In L R o) 4 / 2 [etat ) -0 Y (o) | b xexp { g8, m) - aom m 2

Kang, Xiao, Yuan, 2011




